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Edited by Richard MaraisAbstract The intracellular parasite Theileria induces uncon-
trolled proliferation and host cell transformation. Parasite-in-
duced transformation is accompanied by constitutive activation
of IjB kinase (IKK), resulting in permanently high levels of acti-
vated nuclear factor (NF)-jB. IKK activation pathways normally
require heat shock protein 90 (Hsp90), a chaperone that regulates
the stability and activity of signalling molecules and can be
blocked by the benzoquinone ansamycin compound geldanamycin
(GA). In Theileria-transformed cells, IjBa and p65 phosphoryla-
tion, NF-jB nuclear translocation and DNA binding activity are
largely resistant to GA and also NF-jB-dependent reporter gene
expression is only partly aﬀected. Our ﬁndings indicate that par-
asite-induced IKK activity does not require functional Hsp90.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The intracellular parasite Theileria parva, the causative agent
of East Coast fever, infects bovine lymphocytes, inducing the
transformation of the parasitized cell. Infected cells proliferate
in an uncontrolled manner and can be cultured indeﬁnitely
in vitro. One hallmark of Theileria-induced cells is the consti-
tutive activation of the NF-jB pathway [1,2] which appears to
be essential for the survival of the transformed host cell [3,4].
Additional pathways, however may also contribute [5]. NF-
jB activation can be induced through a variety of stimuli that
converge onto a multicomponent IjB kinase (IKK) complex
[6] commonly consisting of two IKK isoforms (IKK-1 or -a,
and IKK-2 or -b) and a regulatory protein NEMO (NF-jB
essential modulator, IKK-c). Upon IKK activation, IjB is
phosphorylated, triggering its polyubiquitination and rapid
proteasomal degradation. This, in turn, results in the release
of NF-jB and translocation to the nucleus, where it partici-
pates in regulating the expression of a range of genes involved
in immune and inﬂammatory responses [7], proliferation [8]Abbreviations: Ab, antibody; EMSA, electrophoretic mobility shift
assay; GA, geldanamycin; Hsp90, heat shock protein 90; NEMO, NF-
jB essential modulator; NF-jB, nuclear factor kappaB; IKK, IjBa
kinase; TNF, tumor necrosis factor
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doi:10.1016/j.febslet.2006.08.020and survival [9]. NF-jB activation has recently also been
linked to cancer [10,11].
InTheileria-transformed leukocytes, constitutiveNF-jBacti-
vation involves the recruitment of IKK signalosomes in large
permanently activated complexes to the surface of the schizont
[12]. It could be shown for T. parva-transformed T-cells, that
pathway components that participate in transducing signals
from diﬀerent plasma membrane receptors to the IKK complex
do not contribute to constitutive, parasite-induced, NF-jB acti-
vation. It was proposed that the parasite-associated IKK com-
plex is activated through a process of proximity-induced
activation that has also been described in other systems [13–15].
Hsp90 controls the stability and activity of a range of client
proteins that participate in processes such as signal transduc-
tion, cellular diﬀerentiation, proliferation and survival. Among
the client proteins feature nuclear receptors [16,17] and protein
kinases (reviewed in [18,19] and http://www.picard.ch/down-
loads/Hsp90interactors.pdf). The latter include Src family ki-
nases [20] and serine/threonine kinases such as Raf [21].
Studies by Chen et al. in Hela cells demonstrated that Hsp90
copuriﬁes with the IKK complex [22]. The benzoquinone ansa-
mycin compound geldanamycin (GA) is an invaluable tool to
study the biological role of Hsp90 (reviewed in [23]). GA specif-
ically inhibits the ATPase activity of Hsp90, triggering the pro-
teasomal degradation of many Hsp90 client proteins [24]. GA
disrupts Hsp90–IKK interactions, abolishing IKK activation
and recruitment to the TNF receptor [22]. Subsequent studies
showed that Hsp90 also regulates constitutive NF-jB activity
[25]. These observations prompted us to investigate whether
constitutiveNF-jBactivity induced by theT. parva schizont, re-
quires functionalHsp90, or whether parasite-induced activation
relies on an alternative, Hsp90-independent pathway.We tested
the eﬀect of blockingHsp90 on diﬀerent steps of theNF-jBacti-
vation pathway in Theileria-transformed T-cells. We show that
the Theileria-induced IKK activation cascade that controls
IjBa phosphorylation, p65 phosphorylation, NF-jB transloca-
tion and DNA-binding is not dependent on functional Hsp90.2. Materials and methods
2.1. Cell culture and reagents
T. parva-transformed T-cells (TpM(409); [26]), T. annulata-infected
cell line D7B12 [27] and Jurkat T-cells were cultured as described.
Cells were treated with DMSO (Merck), geldanamycin (InvivoGen),
TNF-a (Alexis Biochemicals), or BAY 11-7082 (Calbiochem). Gel-
danamycin was dissolved in DMSO (5 mM stock solution).
Primary antibodies (Abs) included: rabbit anti-phospho-IjBa (Cell
Signaling #9241), anti-IjBa (Santa Cruz, sc-371), rabbit anti-phos-
pho-p65 (Cell Signaling #3031), rabbit anti-p65 (Santa Cruz, sc-372),blished by Elsevier B.V. All rights reserved.
Fig. 1. GA does not aﬀect IKK activation in Theileria parva-
transformed T-cells. (A) TpM T-cells were treated for 16 h with the
Hsp90 inhibitor GA at the indicated concentrations or for 15 min with
the IKK inhibitor BAY 11-7082 (50 lM). Control cells were exposed
to the diluent (DMSO) only. Total cell lysates were analysed by
immunoblot. Abs speciﬁcally detecting phosphorylated IjBa or
phosphorylated p65 were used to monitor IKK activity. The eﬀect of
increasing levels of GA on Raf1 stability was monitored as a control
for GA activity. Levels of tubulin served as a loading control. (B) GA
inhibits IKK activation induced by TNF-a in Jurkat T-cells. Jurkat T-
cells were treated for 16 h with 0.5 lM GA and subsequently
stimulated for 2.5 min with 50 ng/ml TNF-a. IjBa phosphorylation,
IjBa degradation and Raf1 stability were monitored as described
above.
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anti-Hsp90 (sc-13119), mouse anti-tubulin (Sigma T9028), mouse anti-
IKKa/b (sc-7607), rabbit anti-NEMO (sc-8330) and mouse anti-
NEMO (TransLab 611306). The rabbit anti-PIM (T. annulata)
antibody was a gift by Dr. J. Ahmed, Borstel, Germany. Secondary
antibodies: HRP-conjugated anti-rabbit Ab (Cell Signaling #7074),
HRP-conjugated anti-mouse Ab (DakoCytomation P0260), Texas-
Red-conjugated goat anti-mouse Ab (Molecular Probes T862) and
Alexa488-conjugated goat anti-rabbit Ab (Molecular Probes A11034).
2.2. Immunoblotting
Immunoblot analysis was performed according to standard proce-
dures. Nitrocellulose membranes were blocked for 3 h with 5% milk-
TBST (10 mM Tris, pH 8.0; 150 mM NaCl; 0.05% Tween), followed
by an overnight incubation at 4 C with primary Ab. The ﬁlters were
washed twice for 5 min in TBST and then incubated for 50 min with
secondary HRP-conjugated Ab (1:5000). Blots were washed twice for
5 min in TBST and once for 5 min in TBS (10 mM Tris, pH 8.0;
150 mM NaCl). Detection of protein bands was performed using en-
hanced chemoluminescence (ECL, Amersham).
2.3. Nuclear protein extraction and electrophoretic mobility shift assay
T. parva-transformed T-cells or Jurkat T-cells were cultured in the
presence of either DMSO (0.1%) or GA (0.5 lM) for 16 h at 37 C.
Twenty minutes prior to nuclear protein extraction, 4 · 106 T. parva-
transformed T-cells were incubated with BAY 11-7028 (25 lM) and
4 · 106 Jurkat T-cells were stimulated with TNF-a (50 ng/ml). Nuclear
proteins for immunoblot and EMSA were extracted as described [28].
EMSA was carried out using oligonucleotides containing a con-
sensus jB site (5 0-AGTTGAGGGGACTTTCCCAGGC-3 0 and its
complement). The speciﬁcity of the DNA binding was conﬁrmed by
a competition reaction using an excess of unlabelled NF-jB oligonu-
cleotides.
2.4. Transfection and luciferase assay
T. parva-transformed T-cells treated with either DMSO or GA as
described above, were transiently cotransfected with 15 lg of NF-
jB3-luciferase plasmid, 0.25 lg of Renilla luciferase plasmid and
10 lg of either pcDNA3 or pcDNA3-IjBaS32 A plasmid, as previously
described [29]. Electroporation was carried out using standard proto-
cols (20 · 106 cells/ml, 600 ll aliquots, 1650 lF, 1540 X, 300 V). After
electroporation, cells were cultured in complete L15 medium at
37 C for 22 h. Cell extracts were analysed using the dual-luciferase as-
say kit (Promega) according to the manufacturer’s instructions. Trans-
fection eﬃciency was standardized on the basis of constitutive Renilla
luciferase activity. Luciferase activity was reported as percentage of the
luciferase activity measured in the control cells (treated with DMSO
and transfected with the NF-jB3-luciferase plasmid).
2.5. Immunoprecipitation
T. parva-transformed T-cells (20 · 106) were treated with DMSO or
GA as described. After washing twice, cells were lysed in 1 ml lysis buf-
fer (20 mM Tris, pH 7.4; 75 mM NaCl; 2.5 mM MgCl2; 0.1% NP-40;
1 mM DTT; 1 mM PMSF; 1· protease inhibitors) and kept on ice
for 20 min. Following centrifugation (15000 · g, 15 min, 4 C), the
supernatant was used for immunoprecipitation reaction. Anti-NEMO
or control-IgG1 monoclonal Ab (Sigma, M-9269) was added and sam-
ples were incubated for 4 h at 4 C on a rotary shaker. Antibody–anti-
gen complexes were captured using protein G-Sepharose beads
(overnight incubation at 4 C on a rotary shaker). Bound proteins were
eluted and separated by SDS–PAGE and subjected to immunoblot
analysis.
2.6. Immunoﬂuorescence
T. annulata-infected cell line D7B12 was cultured for 16 h with
DMSO (0.1%) or with GA (0.5 lM). Preparation of cytospins and
treatment of cells have been described [4]. Co-staining was carried
out with either mouse anti-Hsp90 (1:250) and rabbit anti-PIM
(1:50000) Ab or with mouse anti-NEMO (1:50) and rabbit anti-PIM
(1:50000) Ab in 10% FCS-PBS for 1 h. The secondary Abs (Texas
Red-labelled anti-mouse Ab 1:800 and Alexa488-labelled anti-rabbit
Ab 1:1500) in 10% FCS–PBS were applied for 50 min. DNA was
stained with DAPI (1:3000 in PBS) for 1 min.3. Results
3.1. GA does not aﬀect IKK activation in T. parva-transformed
T-cells
To test whether IKK activation in T. parva-infected T-cells
requires functional Hsp90, cells were treated for 16 h with
increasing doses of the Hsp90 inhibitor GA. Immunoblot anal-
ysis (Fig. 1A) using phospho-speciﬁc Abs shows that the con-
stitutive phosphorylation of IjBa and p65, two central events
in the NF-jB activation cascade, were unaﬀected, even at high
concentrations of GA. Treatment with the IKK inhibitor BAY
11-7082 on the other hand, resulted in a clear reduction of
IjBa and p65 phosphorylation. The stability of the kinase
Raf1, which depends on functional Hsp90 [21], however,
was aﬀected in a dose-dependent manner, demonstrating that
GA was indeed capable of blocking Hsp90 in T. parva-trans-
formed cells. To conﬁrm that resistance to GA was speciﬁc
for T. parva-induced NF-jB activation, we tested the eﬀect
of GA on NF-jB activation in Jurkat T-cells. TNF-a triggered
the phosphorylation and degradation of IjBa. Pretreatment of
Jurkat T-cells with 0.5 lM GA, on the other hand, potently
blocked TNF-a-induced IjBa phosphorylation and, conse-
quently, no degradation of IjBa could be observed
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Raf1 stability.
3.2. Eﬀect of GA on p65 translocation and DNA binding activity
Immunoblot analysis of nuclear extracts prepared from T.
parva-infected T-cells treated for 16 h with GA showed that
levels of nuclear p65 were not signiﬁcantly aﬀected compared
to control cells (Fig. 2A), whereas nuclear p65 was markedly
reduced in cells treated with the IKK inhibitor BAY 11-
7082. We also used EMSA to test the eﬀect of GA on NF-
jB DNA-binding activity in T. parva-transformed T-cells
[1,28] and on TNF-a stimulated Jurkat T-cells. In Jurkat T-
cells stimulated for 20 min with TNF-a, NF-jB complexes
capable of binding to a consensus jB binding site could clearly
be demonstrated (Fig. 2B), but levels were strongly reduced in
Jurkat T-cells pretreated with GA. In contrast, exposure of T.
parva-transformed T-cells to GA resulted in only a mild reduc-
tion in NF-jB complex formation, whereas treatment with the
IKK inhibitor BAY 11-7082 eﬃciently blocked NF-jB DNA
binding activity. These data indicate that parasite-induced
IKK activation in T. parva-transformed cells may not require
functional Hsp90.Fig. 2. Eﬀect of GA on NF-jB nuclear translocation. (A) Theileria
parva-transformed T-cells were cultured for 16 h in the presence of
0.5 lM GA or for 20 min in the presence of 25 lM BAY 11-7082.
Nuclear extracts (15 lg/lane) were analysed by immunoblot for the
presence of the NF-jB subunit p65 (open arrowheads). The ﬁlter was
reprobed without prior stripping with an Ab directed against the
nuclear protein HDAC1 as a control for equal loading (closed
arrowhead). (B) T. parva-transformed T-cells and Jurkat T-cells were
treated with GA or BAY 11-7082 as indicated. To stimulate NF-jB
nuclear translocation, Jurkat T-cells were stimulated for 20 min with
50 ng/ml of TNF-a. Nuclear extracts were analysed by EMSA using
radio-labelled oligonucleotides containing a consensus NF-jB binding
site. Cold oligonucleotides were used to conﬁrm the speciﬁcity of the
DNA-binding complexes.3.3. Hsp90 is not incorporated in parasite-associated IKK
signalosomes
The observation that GA failed to block parasite-induced
IKK activity could potentially be explained by the fact that
Hsp90 does not interactwith the IKKcomplex inT. parva-trans-
formed cells. In bothT. parva- andT. annulata-transformed leu-
kocytes, IKK signalosomes can be found as large cytoplasmic
aggregates in close association with the surface of the schizont
[12]. We tested whether Hsp90 could also be detected in schi-
zont-associated IKK signalosomes. Because of their ﬂat shape,
T. annulata-transformed macrophages lend themselves best
for such localisation studies. Fig. 3A shows IKK signalosomes
(detected using anti-NEMO antibodies) associated with the sur-
face of the schizont (visualised using anti-PIM Abs [12]). When
cells were immunostained for anti-Hsp90, however, noFig. 3. Hsp90 cannot be detected in parasite-associated IKK signalo-
somes. (A) Left panel: immunoﬂuorescence analysis of Theileria
annulata-transformed T-cells, showing IKK signalosomes (stained
red using anti-NEMO) associated with the schizont (detected using
anti-PIM; green); DNA is stained blue using DAPI. Right panel:
Hsp90 (red) can easily be detected in the cytoplasm of T. annulata-
transformed T-cells, but does not form aggregates at the surface of the
schizont (green). (B) IKK complexes were immunoprecipitated using
anti-NEMO and analysed using Abs directed against Hsp90 (top
panel), IKK1/2 or NEMO as indicated. Lane 1: cell lysate; lanes 2 and
3: supernatant remaining after immunoprecipitation using control IgG
or anti-NEMO, respectively; lanes 4 and 5: immunoprecipitates using
control IgG or anti-NEMO, respectively. To conﬁrm the presence of
NEMO and IKK1/2 in the immunoprecipitates, the membranes were
reprobed with an antibody detecting IKK1 and 2, or NEMO. The
open arrowheads indicate the positions of Hsp90, IKK1/2 or NEMO,
respectively.
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Hsp90 appeared distributed more or less evenly throughout
the host cell cytoplasm. GA also did not aﬀect the formation
of schizont-associated IKK signalosomes (not shown). Thus,
Hsp90 is not an integral part of parasite-associated IKKsignalo-
somes and is not required for signalosome formation. This was
conﬁrmed biochemically in co-precipitation experiments. IKK
complexes were immunoprecipitated using anti-NEMO anti-
bodies and analysed by western blot (Fig. 3B). Whereas anti-
NEMO antibodies clearly co-immunoprecipitated the IKK cat-
alytic subunits of the IKKcomplex,Hsp90 could not be detected
in co-precipitates. Taken together, these ﬁndings strongly indi-
cate that Hsp90 is not associated with IKK complexes in Thei-
leria-transformed cells.
3.4. Eﬀect of GA on NF-jB-dependent reporter gene expression
As NF-jB DNA-binding activity does not necessarily reﬂect
full transcriptional activity, we tested the eﬀect of GA on NF-Fig. 4. Eﬀect of GA on NF-jB-dependent transcriptional activity in
Theileria parva-transformed T-cells. (A) T. parva-transformed T-cells
were transfected with a NF-jB-dependent luciferase reporter plasmid
and were co-transfected with either a pcDNA3 control construct or
pcDNA3-IjBaS32A, which blocks NF-jB-dependent reporter gene
expression. Transfected cells were cultured in the presence or absence
of 0.5 lM GA and 22 h post transfection, cells were lysed and
luciferase activities were measured. Luciferase activity was normalised
and presented relative to the DMSO-treated pcDNA3 vector control.
The results represent the means and standard error (S.E.M.) of three
independent experiments; *represents statistically signiﬁcant diﬀerences
(Student’s t-Test; P < 0.05). (B) Lysates were ﬁrst prepared from
DMSO-treated T. parva-transformed T-cells and luciferase activity
measured in the presence or absence of added GA.jB-dependent reporter gene expression. In T. parva-trans-
formed T-cells treated with GA, NF-jB-dependent luciferase
activity was reduced by 50% (Fig. 4A). As shown before [12],
blocking the NF-jB activation pathway by overexpression of
IjBaS32A, a form of IjBa that is not degraded upon IKK
phosphorylation, resulted in a reduction of transcriptional
activity of >80%. These data show that in T. parva-infected
T-cells NF-jB-dependent transcription appears to be partly
dependent on functional Hsp90. Ring-structured compounds
have been shown to interfere with the detection of luciferase
activity by quenching [30]. Lysates were prepared from T.
parva-transformed cells transfected with the jB3-luciferase
construct and luciferase activity measured in the presence or
absence of added GA (Fig. 4B). No diﬀerences could be ob-
served, conﬁrming that GA did not interfere with the luciferase
assay and that the observed partial inhibition was genuine.4. Discussion
Our observations strongly indicate that Hsp90 is not re-
quired for parasite-induced IKK activation in T. parva-trans-
formed T-cells. This contrasts with a number of observations
that point towards a central role of Hsp90 in the regulation
of both induced and constitutive NF-jB activation [22,25].
That functional Hsp90 is not required is reﬂected by the fact
that GA does not inhibit the phosphorylation of two of its ma-
jor substrates, namely, IjBa on S32 and S36, and of p65 on
S536 [31,32]. Subsequent NF-jB translocation and DNA bind-
ing activity were not signiﬁcantly inhibited and the fact that we
failed to detect Hsp90 in association with the IKK signalo-
somes localised at the Theileria schizont surface corroborates
these ﬁndings.
Whereas events immediately linked to IKK activation were
not aﬀected, we noticed an inhibitory eﬀect (50%) where
the NF-jB activation pathway intersects with the transcrip-
tional machinery of the cell. The exact reason for this inhibi-
tion is not known. It cannot be excluded that intact Hsp90 is
required for optimal functioning of the transcription complex.
Co-factors of transcription may themselves be Hsp90 client
proteins or be regulated by Hsp90-dependent processes. Inhi-
bition of Hsp90 may result in the release of transcriptional
repressors, such as, for instance, the glucocorticoid receptor,
a Hsp90 client, which has been shown to tether RelA-occupied
NF-jB response elements and repress the transcription of the
downstream genes by interfering with phosphorylation of the
Pol II CTD [33]. In the same context, HSF1, itself a Hsp90
client and major transcription factor regulating heat shock
protein gene expression, has been shown to repress transcrip-
tion [34] and NF-jB-dependent gene expression [35].
GA abrogates TNF-R1-induced traﬃcking of IKK from the
cytoplasm to the membrane [22], a step required for the induc-
tion of IKK activation [14,36]. As GA treatment did not aﬀect
the formation of schizont-associated IKK signalosomes, our
ﬁndings indicate that the recruitment of IKK into schizont-
associated IKK signalosomes is an Hsp90-independent process.
It has been proposed that IKK kinase activity is regulated by
mutual trans-autophosphorylation triggered by allosteric alter-
ations of NEMO [37,38] induced by the binding of activator
proteins or by the recruitment to membrane anchored com-
plexes. Broemer et al. [25] proposed that Hsp90 might facilitate
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in a conformation that allows the interaction with activators.
Alternatively, Hsp90 could also regulate IKK receptiveness to
post-translational modiﬁcation or even the activity of enzymes
that carry out such modiﬁcations. Whichever of these mecha-
nisms applies, our observations indicate that parasite-induced
IKK activation is independent of such Hsp90-mediated eﬀects.
To our knowledge, this is the ﬁrst evidence for Hsp90-indepen-
dent IKK activation. How exactly the parasite interferes with
the IKK activation mechanism to bypass the requirement for
functional Hsp90 remains to be elucidated. As the parasite
resides free in the host cell cytoplasm, it is conceivable that
schizont surface components that contribute to signalosome
formation, act to stabilize or modify IKK in a way similar to
Hsp90. Unusual interference with NF-jB activation has also
been described in cells infected with Toxoplasma, another api-
complexan parasite which, contrary to Theileria, resides in a
vacuole. In this case, the parasite appears to bypass the require-
ment for host cell IKK – and thus most likely also Hsp90 – by
establishing an IKK-like activity on the membrane of the para-
sitophorous vacuole [39].
Finally, it is worth noting that Theileria-transformed cells
clearly diﬀer from Hodgkin’s lymphoma cells, in which consti-
tutive IKK activity is inhibited by GA [25]. Furthermore, Thei-
leria-induced NF-jB activation also diﬀers from activation
induced by other microbial pathogens through NODs [40],
intracellular sensors for bacterial peptidoglycan that were re-
cently also identiﬁed as client proteins of Hsp90 [41]. Our ﬁnd-
ings thus provide another example of how the Theileria
parasite may have evolved strategies to circumvent cellular
control on the NF-jB signalling pathway.
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